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Spectroscopic Investigations in Connection with the Active 
Modification of Nitrogen, III. — Spectra developed by the 
Tetrachlorides of Silicon and Titanium. 

By W. Jbyons, A.E.C.Sc, B.Sc, Assistant Demonstrator of Astrophysics, 
Imperial College of Science and Technology, South Kensington. 

(Communicated by A, Fowler, F.R.S. Eeceived June 20, — Bead June 26, 1913.) 

[Plate 9.] 

Int^vdttdory. 

In previous papers by Profs. Strutt and Fowler, accounts were given of the 
spectrum of the afterglow of nitrogen,* and of the spectra of various 
elements and compounds excited by the nitrogen.f In the course of the 
latter investigation it was found that carbon compounds introduced into the 
afterglow developed, in general, the spectrum of cyanogen, the bands, 
however, undergoing a curious intensity modification as compared with the 
cyanogen bands produced by the carbon arc in air. The present paper is 
primarily an account of an investigation which has revealed the interesting 
fact that tetrachloride of silicon, when brought in contact with active 
nitrogen, produces a band spectrum of a nitride of silicon, as would be 
anticipated from the close resemblance of the elements silicon and carbon in 
their chemical behaviour. An account is also given of experiments on 
titanium tetrachloride in the afterglow, in which, however, no spectrum 
attributable to a nitride has been noted. 

The method of produ.cing the afterglow was identical with that adopted in 
former work, and has been described fully by Prof. Strutt,^ 

Three spectrographs have been employed : (1) A one-prism quartz instru- 
ment giving a linear dispersion varying from 35 to 60 Angstrom units per 
millimetre in the region X 3900-4900 ; (2) a Littrow spectrograph giving 
a dispersion of 9 to 12 Angstrom units per millimetre in the same region ; 
(3) a lO-foot concave grating mounted on the plan devised by Eagle,§ and 
giving 5*5 A.U. per millimetre in the first order. 



* * Eoy. Soc. Proc.j' 1911, A, vol. 85, p. 377. 

t ' Roy. Soc. Proc.,' 1912, A, vol. 86, p. 105. 

J Bakerian Lecture, ' Roy. Soc. Proc./ 1911, A, vol. 85, p. 219. 

§ ^ Astrophys. Journ.,' 1910, vol. 31, p. 120. 
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Silicon Tetrachloride, 

This substance is a colourless, volatile liquid (boiling point 57'5° C.) which 
fumes in moist air. On introduction of a suitable supply of its vapour, the 
afterglow became purple in colour. The spectrum was foimd to consist of — 

(1) Unquenched nitrogen afterglow bands. 

(2) Silicon lines. 

(3) Impurity lines of mercury (X2536, 3021, 3023) and bands of cyanogen 
(heads at X 3360, 3590, 3883, and 4216, and the associated tails). 

(4) A new set of bands in the region X 3800-4950 attributed to a nitrogen 
compound of silicon. 

The examination of this complex spectrum was facilitated by a comparison 
with spectrograms of the electric discharge through rarefied vapour of the 
tetrachloride at a pressure less than its own maximum vapour-pressure, which 
latter is too high to allow the discharge to pass. The discharge was observed 
" end-on " through a quartz window, a continuous current of the vapour 
being maintained throughout the exposure in order to minimise the deposit 
of solid matter on the window. No trace of the bands attributed to the 
nitride was detected in this experiment. The line spectrum of silicon was 
developed very strongly together with flutings probably due to the tetra- 
chloride itself.* Other lines present were due to aluminium (from the 
electrodes), hydrogen, and chlorine. 

The following silicon lines w^ere present in the afterglow. They occurred 
also in the discharge together with well recognised spark lines 

X'(Eowland Scale). 

3905*8 Weaker than in discharge. 






3020 Stronger „ 

2881-7 J 

2631*4 Very strong. 

2568*8 Very weak. 

2532*5 Weaker than in discharge. 



•^ The flutings in the discharge attributed to the chloride occur in three clusters : — 

(1) Between X3066 and 2865, with heads fading off in the direction of diminishing 

wave-lengths. 

(2) Two triple heads, also degraded on the more refrangible side, at X 2828, 25, 23, and 

X2811-5, 09, 07. 

(3) A very strong head at X 2609*5, fading off towards the red, with fainter heads on 

either side of it extending from X 2675 to 2596. 
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X (Rowland Scale). 



2528-6 
2524-2 
2519-3 
2516-2 
2514-4 
2507-0 
2452-2 
2443-5 
2438-9 
2435-3 
2219-0 
2218-3 
2216-7 
2211-8 
2211-0 
2208-1 



■~\ 



y 



Prominent group, occurring with about the same intensities 



as in discharge. 



^ 



> 



Prominent group. The first three are weaker than 
discharge, while the fourth is very strong. 



m 



■^ 



^Prominent group, equally well developed in the two sources. 



^ 



The silicon lines of greater wave-lengths than 3905*8 which occur in the 
discharge were quite indiscernible in the afterglow. This region in the 
afterglow spectrum is occupied by the new system of bands. They are 
degraded towards the red, and the remarkable regularity in their distribution 
and character will readily be seen in the photographs (Plate 9). Some of 
the bands exhibit a sudden fall in intensity at a point about four tenth- 
metres from the head, followed by a recovery in intensity before the final 
and more gradual fading off. Some heads which are under-exposed might 
thus easily be mistaken for isolated lines. Other bands have their heads 
suppressed, the intensity maxima occurring towards the less refrangible 
portions of the bands. These phenomena have been noted previously in the 
case of the more refrangible cyanogen bands. 



Wave-Lengths of the New Bands, 

The positions of the brighter heads were determined from photographs 
taken with the grating, the comparison spectrum being that of the iron arc. 
For the fainter bands photographs taken with the quartz spectrograph were 
utilised, and the limits of error are therefore considerably greater. As 
many heads as possible were included in the measurements in order to make 
the discussion of the regularity of structure fairly complete. 

In the following table the wave-lengths are given in terms of the Inter- 
national Angstrom, and the oscillation-frequencies have been reduced to 
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vacuum. The relative intensities have been estimated, as nearly as possible 
on a scale of 10 for the brightest band. The remainingt columns refer to the 
analysis of the bands which follows later : — 

Table I. 



Wave- 


Inten- 
sity. 


Oscillation 








Observed 


length 


frequency 


Grroup. 


m. 


f- 


minus ! Bemarks. 


(I. A). 


(in vacuo). 








calculated. : 

i 


4947 


1 


20208 


I 


14 


50 


11 




4797 


2 


20840 


II 


17 


51 


-6 


i 


4760 


3 


21047 


II 


16 


51 


-6 


' 


4705 -9 


4 


21244 


II 


15 


51 


-1 


: 


4665 -1 


5 


21430 


TI 


14 


51 


4 




4629 '2 


3 


21596 


II 


13 


51 


1 


! 


4618 •! 


2 


21648 


III 


19 


52 


-1 


1 


4569 '8 


4 


21876 


III 


18 


52 


-5 




4524 -3 


5 


22097 


III 


17 


52 


— 2 




4482 -2 


6 


22304 


III 


16 , 


52 


-1 


1 


4443 -1 


8 


22500 


III 


15 


52 


1 




4407 -7 


8 


22681 1 


III 
IV 


14 

20 


52 
53 


1 1 
-3 1 


Two beads super- | 
posed. 1 






"22849] 


III 


13 


52 




Head undeveloped. 
Calculated fre- 
quency given. 


4360-4 


3 


22927 


IV 


19 


63 





j 


4346 -4 


2 


23006 


III 


12 


52 


1 




4317 -6 


5 


23155 


IV 


18 


53 


-4 




4277 -0 


5 


23375 


IV 


17 


53 


-2 




4260 -4 


1 


23466 


V 


22 


64 


4 




4239 -0 


9 


23584 


IV 


16 


53 







4211 -9 


4 


23735 


V 


21 


54 


3 




4204 -0 


10 


23780 


IV 


15 


53 


3 




4172 -1 


6 


23962 


IV 


14 


53 


4 


i 


4168 -1 


4 


23985 


V 


20 


54 


-1 




4143 -0 


3 


24130 


IV 


13 


53 


3 


1 


4126 -5 


8 


24227 


V 


19 


54 


-3 


i 


4116 -8 


1 


24284 


IV 


12 


53 


1 




4087 -3 


8 


24459 


Y 


18 


54 


-2 


- 


4050 -6 


8 


24681 


V 


17 


54 


1 




4032 


4 


24794 


VI 


22 


56 


1 




4016 -7 


6 


24889 


V 


16 


54 


3 




3989 *8 


4 


25057 


VI 


21 


55 


-1 




3985 -8 


5 


25082 


V 


15 


54 


2 




3957 -7 


2 


26260 


V 


14 


54 







3949 -8 


4 


25311 


VI 


20 


55 


_-l 


i 


3911 -8 


4 


26556 


VI 


19 


55 




f 


\ 

Masked by cyanogen 


-.— 


- 


[25787' 


VI 


18 


56 


«/ 


bands {h 3883 






[26006^ 


VI 


17 


55 


*^ 


group). Calculated 
frequencies given. 


3814 -0 


2 


26212 


VI 


16 


55 








All examination of the frequencies showed that it was possible to arrange 
them into rows and columns in the manner which has been adopted for the 
classification of the positive bands of nitrogen, and of the less refrangible 
cyanogen bands.* 

•^ Fowler and Shaw, ' Eoy. Soc. Proc.,' 1912, A, vol. 86, p. 118. 
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Table II. 

Eegularity of the New Bands. Oscillation Frequencies in vacuo (larger 
type) ; Successive Frequency Intervals (smaller type). 



(3-roup.. 


....VI 




T 




IV 




III 


II 


I 




... 56 




54 




53 




52 


61 


50 


22 


24794 

263 


1328 


23466 

269 














21 


25057 

25i 


1322 


23735 

250 














20 


25311 

245 


1326 


23985 

242 


1304 


22681 

246 










19 


25556 

231 


1829 


24227 

232 


1800 


22927 

228 


1279 


21648 

228 







18 [25787J* 1328 24459 1304 23155 1279 21876 

219 222 220 221 

17 [26006]* 1326 24681 1306 23375 1278 22097 1267 20840 

206 208 209 207 207 

16 26212 1323 24889 1305 23584 1280 22304 1257 21047 

198 196 196 197 

15 25082 1302 23780 1280 22500 1256 21244 

178 182 181 186 

14 25260 1298 23962 i28l 22681 1251 21430 1222 20208 

168 168 166 

13 24130 1281 [22849]t 1258 21596 

154 157 

12 24284 1278 23006 

* Masked by ON bands (\ 3883 group), 
t Head undeveloped. 
The frequencies in the brackets [ ] have been calculated from the formula. 

The successive intervals of frequency taken vertically and horizontally 
form two arithmetical progressions ; that is to say, the frequencies in each 
vertical group may be represented by a formula, 

^ = A' + B (m4-^)2^ 
and in each row by 

01 = A'' + C (p + irf, 

where A^ A'^, B and C are constants, and successive integral values are 
given to m and to f, while fi and ir are constant fractions. The whole 
system of bands may therefore be represented by a Deslandres equation, 

7^ = A + B(m + /^)2+C('p + 7r)2. 

For the bands observed m takes the integers from 50 to 55, and p ranges 
from 12 to 22. The more accurately observed frequencies have been utilised 
in evaluating the constants, and the resulting equation is 

n = 12-10 (p + 0-31)2 -^6-27 (m-0-06)2-9211. 
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The degree of approximation to which this formula represents all the bands 
can be seen from the column in Table I, headed " Observed minus Calculated." 

Evidence as to the Origin of the New Bands. 

The new afterglow bands are not present in the discharge spectrum, in 
which the chloride is characterised by entirely different bands (see footnote, 
p. 188). It is probable, therefore, that the new bands are not due to a 
chloride, but to a nitrogen compound. In the afterglow reaction, chlorine is 
liberated from the tetrachloride. Prof. Strutt has tested qualitatively the 
white solid which was deposited on the inside of the afterglow tube in these 
experiments. The deposit was put in caustic potash solution, and a small 
quantity of liquid distilled off; this gave a strong Nessler reaction, while 
blank tests with the potash solution alone gave negative results. This proof 
of the presence of nitrogen in the deposit confirms the spectroscopic evidence 
of the nitride origin of the new bands. 

It may be recalled that Weiss and Engelhardt^ have described the 
formation of a nitride, having the approximate formula SisI^^, by heating 
silicon in nitrogen at 1300-1400^ C. They have also prepared, by other 
means, another compound, 812^3, which, when ignited and washed with 
hydrochloric acid, gives rise to a white nitride, SiJN". It is impossible to 
say what is the composition of the nitride giving the band spectrum until a 
quantitative analysis of the deposit has been undertaken. 

Titanium Tetrachloride, 

In view of the chemical relations of titanium to carbon and silicon, and 
especially of the fact that metallic titanium unites very readily with 
nitrogen forming a nitride, it was thought that titanium tetrachloride might 
behave in a similar manner to silicon tetrachloride and the carbon compounds 
in the afterglow. 

The tetrachloride of titanium closely resembles that of silicon, being a 
colourless, volatile liquid (boiling point 136° C), fuming even more strongly 
on exposure to the atmosphere. On introduction of its vapour into the 
active nitrogen, the afterglow became very pale blue in colour. The 
spectrum was compared with those of titanium oxide in the carbon arc, and 
of the condensed discharge through the tetrachloride vapour itself, at a 
pressure less than that of its saturated vapour. The afterglow gives a well 
developed line spectrum of titanium, with intensities about equal to those in 
the arc. In addition, and in common with the discharge, it shows the group 

■5^ ' Zeit. Anorg. Chem.,' 1909, vol. 65, p. 38. 
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of bands due to the tetrachloride,* with three principal heads, at X 4199*5, 
4192*7j and 4188*0. The enhanced lines of titanium, generally speaking, are 
not developed in the afterglow, the few which do occur being fainter than in the 
arc. The condensed discharge through the vapour of the tetrachloride, on the 
other hand, is noteworthy as being an excellent source of the enhanced lines. 

No bands occur in the afterglow which can be attributed to a nitride, 
although it has previously been proved that nitrogen is present in the 
compound which is deposited in the apparatus.^ 

Unhke the carbon compounds and silicon tetrachloride, therefore, the 
tetrachloride of titanium belongs to the class of substances which, when 
introduced into the afterglow, do not develop the spectrum of the final 
product of the reaction. 

Summary. 

1. The paper gives an account of the spectra developed on the introduction 
of the vapours of SiCU and TiCU into the nitrogen afterglow. 

2. The SiCU afterglow is notable for the occurrence of a new system of 
bands between X 3800 and 4950, with heads degraded towards the red. The 
bands show intensity minima near the heads, corresponding to the modifica- 
tions of the cyanogen afterglow bands. 

3. The wave-lengths of the heads have been determined and their 
frequencies have been arranged into groups, similar to the classification of 
the cyanogen bands and the positive bands of nitrogen. 

4. The new bands do not occur in the discharge through SiCl^ (which is 
characterised by a different system of bands) and are therefore attributed to 
a nitride of silicon. Chemical evidence in support of this has been obtained 
by Prof. Strut t. 

5. The TiCU afterglow, however, develops no bands of a corresponding 
nitrogen compound of titanium. Its spectrum is merely that of the titanium 
arc, together with the group of flutings characteristic of TiCU. 

I am anxious, in conclusion, to acknowledge my great indebtedness to 
Prof. A. Fowler, F.E.S., for his valuable assistance throughout this research, 
and to Prof, the Hon. E. J. Strutt, F.E.S., for the apparatus which he placed 
at my disposal, and without which the task would have been impossible. 

DESCRIPTION OF PLATE. 

1. (a) Two groups of the bands attributed to a nitride of silicon. (6) Iron comparison. 

2. Smaller dispersion photograph showing nearly the whole system of nitride bands. 

•^ Fowler, * Roy. Soc. Proc.,' 1907, A, vol. 79, p. 509, 
t R. J. Strutt, ' Roy. Soc. Proc.,' vol. 88, p. 544. 
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1. (o) Two groups of the bands attributed to a nitride of silicon. (6) Iron comparison. 

2. Smaller dispersion pliotograph showing nearly the whole system of nitride bands. 



